INTRODUCTION
Dissolved organic matter (DOM) in seawater is one of the major components in the global carbon cycle, but its cycling rates and biogeochemical behavior in the ocean remain largely unknown (Hedges 1992 , Lee & Wakeham 1992 . Understanding the biogeochemical cycling of marine DOM has been hampered by its poor chemical and isotopic characterization. The application of ultrafiltration techniques to marine systems has allowed the concentration and isolation of highmolecular-weight (HMW) DOM for chemical and isotopic analysis (Benner et al. 1992a , which has improved our understanding of the origin, reactivity and fate of DOM in marine environments (e.g. Benner et al. 1992a , Hedges et al. 1994 , Guo et al. 1996 , Aluwihare et al. 1997 , McCarthy et al. 1997 , Clark et al. 1999 ABSTRACT: High-molecular-weight (HMW) dissolved organic matter (DOM) was isolated using cross-flow ultrafiltration from seawater across a salinity gradient in 2 estuarine/coastal marine environments -Chesapeake Bay/Middle Atlantic Bight (MAB) and Galveston Bay/Gulf of Mexico. Nitrogen and carbon isotope ratios (δ 15 N and δ 13 C) were measured on the isolated HMW DOM samples (defined here as the size fraction between 1 and 200 nm), which made up ~50 to 60% of the total DOM in the estuarine regions and decreased to ~35% of the DOM at the MAB and Gulf of Mexico stations. δ 15 N values varied from 4.8 to 8.1 ‰ in the Chesapeake Bay/MAB area. In the Galveston Bay/Gulf of Mexico region, δ 15 N and δ 13 C values varied from 3.2 to 9.5 ‰ and -26.1 to -20.9 ‰, respectively. Similar distribution patterns of δ 13 C and δ 15 N were observed in both study areas, with values of δ 15 N showing a mid-salinity maximum of about 8 to 10 ‰, whereas δ 13 C continually increased with increasing salinity. The δ 13 C values clearly demonstrated a shift of HMW organic carbon sources from largely terrestrial inputs in the upper-estuarine areas to marine-dominated organic carbon sources in lower-estuarine and coastal regions. The more complicated distribution patterns of δ 15 N, with δ 15 N values first increasing with salinity in estuarine regions then decreasing towards the seawater endmember, suggest more dynamic N cycling. Thus, in addition to organic matter sources, biogeochemical and isotopic fractionation processes are important factors governing marine HMW DOM δ 15 N values. Vertical profiles of HMW DOM δ 13 C in open-ocean stations generally decrease from surface water to deep waters, whereas the opposite was found for δ 15 N. HMW DOM components with heavier δ 13 C and lighter δ 15 N values seem to be preferentially degraded during their transport from surface to deep waters. However, other processes could also have contributed to this distribution trend. While the carbon isotopic signature can be used as an indicator of DOM sources, nitrogen isotopic composition, on the other hand, appears to be related to both source functions and subsequent recycling in marine environments. , Guo et al. 1996 , Guo & Santschi 1997b , with the HMW DOM being an important intermediary component between easily degradable POM and LMW DOM. However, the isotopic and molecular composition of HMW DOM remain poorly characterized. Nitrogen and carbon isotopic signatures have been proven to be useful tracers of sources, sinks and transformations of marine organic matter, as well as nutrients (Sackett 1989 , Rau et al. 1990 , 1991 , Druffel & Williams 1992 , Altabet & Francois 1994 . However, while the application of isotopic techniques to plankton, POM and sedimentary organic matter has been widely reported (e.g. Altabet et al. 1991 , Rau et al. 1991 , Schell et al. 1998 , Sachs et al. 1999 , Struck et al. 2001 , measurements of nitrogen and carbon isotopes for marine DOM are still limited, especially for HMW DOM samples (Guo & Santschi 1997a , and references therein). Data on nitrogen isotopic natural abundances for DOM are even scarcer in the literature. Sigleo & Macko (1985) Benner et al. (1997) further reported an extensive data set of δ 13 C and δ 15 N values of marine HMW DOM (1 kDa to 0.1 µm or 1 to 100 nm) samples from the Gulf of Mexico, Pacific and Atlantic Oceans. They found fairly constant δ 13 C values for the HMW DOM samples (with an average of -21.7 ± 0.2 ‰) but more variable δ 15 N values, ranging from 6.6 to 10.2 ‰ (Benner et al. 1997) .
Previous studies have found that the carbon isotopic ratios of marine POM vary significantly, with nutrient abundance, concentration of CO 2 and plankton growth rates being important factors for establishing the isotopic regimes in marine environments (Saino 1992 , Schell et al. 1998 , and references therein). However, stable carbon isotope ratios of DOM in the ocean are relatively constant with depth and geographic region, with a narrow range between -20 and -22 ‰ (Williams 1968 , Eadie et al. 1978 . In addition, changes of δ 13 C resulting from trophic transfers are minimal. In contrast, significant and consistent differences in nitrogen isotopic ratios have been observed for both particulate and colloidal organic matter (e.g. Altabet 1988 , Benner et al. 1997 , with an increased enrichment in δ 15 N values (about 3 to 4.5 ‰) with each trophic level (Minagawa & Wada 1984) . It is expected that a combination of both carbon and nitrogen isotopic signatures should provide better information about sources and cycling mechanisms and pathways of DOM in estuarine and marine environments than just C isotopes alone. With the currently limited data sets on both δ 13 C and δ 15 N results for estuarine and marine DOM, more simultaneous measurements on the same samples are needed. This is especially important for HMW DOM, as it is being considered as a transitory phase between POM and LMW DOM.
In the present study, 2 estuarine and coastal marine environments, i.e. Chesapeake Bay/Middle Atlantic Bight (MAB) and Galveston Bay/Gulf of Mexico regions, were chosen as study areas, each showing dynamic changes in biological properties, water chemistry, and water mixing along freshwater to marine transects in these estuaries. High-molecular-weight (HMW, 1 kDa to 0.2 µm, or about 1 to 200 nm) DOM was quantified for concentration and samples isolated for isotopic analysis across spatial and vertical scales.
MATERIALS AND METHODS
Study areas. Surface water samples were collected from the Chesapeake Bay to the MAB and from Galveston Bay to the Gulf of Mexico (Table 1) . Stations were designed to cover a salinity gradient in the estuarine and coastal regions. In addition, deep stations were sampled to examine vertical variations.
Galveston Bay is one of the largest estuaries on the Gulf of Mexico coast and receives river inputs from the Trinity and the San Jacinto Rivers. The annual freshwater inflow into Galveston Bay is about 1.24 × 10 10 m 3 , with ~83% of the total freshwater inflow coming from the Trinity River (Orlando et al. 1993) . Chesapeake Bay, with most freshwater input from the Susquehanna River, is the largest estuary on the US east coast and contributes a large flux of freshwater and organic matter to the North Atlantic Ocean (Sanford et al. 2001) . Detailed sampling locations are listed in Table 1 with water depth, water temperature, and salinity at each station.
Sampling. Surface water (0.5 to 1 m) was peristaltically pumped through a pre-rinsed 0.2 µm Nuclepore cartridge into either an ultrafiltration reservoir or a 20 l plastic container for ultrafiltration. The in-line prefilter system (Nuclepore cartridges and tubing) was cleaned before use by recirculation with 2 N HCl solution and subsequently rinsed with large volumes of Nanopure water. Before collecting samples, the first 10 l of filtered water were discarded, and the containers were then rinsed with the prefiltered water. At estuarine stations, ~40 l of prefiltered water was collected for ultrafiltration. At open Gulf of Mexico and MAB stations, large volumes of prefiltered water (up to 500 l) were used for ultrafiltration (Guo et al. 1996) .
Ultrafiltration. HMW DOM (defined as the fraction between 1 kDa and 0.2 µm or about 1 to 200 nm) was isolated from prefiltered seawater using cross-flow ultrafiltration (Guo & Santschi 1996 , Guo et al. 2000 . Estuarine water (< 0.2 µm) was ultrafiltered using an Amicon DC10 system equipped with 2 × 1 kDa ultrafiltration cartridges (Amicon S10N1), while coastal and open seawater was processed on a DC-30 ultrafiltration system equipped with 9 S10N1 ultrafiltration cartridges. Ultrafiltration cartridges were checked for integrity and thoroughly cleaned before sampling using Micro detergent, NaOH, HCl, and large volumes of Nanopure water (with a DOC concentration of 2 µM). Cartridges were also cleaned between each sample collection. Details of the cleaning and calibration procedures are described in Guo & Santschi (1996) and Guo et al. (2000) . No evidence for fractionation effects of major biochemicals of HMW DOM during ultrafiltration was documented (e.g. Guo et al. 2000 Guo et al. , 2001 and references therein). The main fractionation effects involve LMW DOM components of MWs close to membranes' cut-offs (Guo et al. 2000 (Guo et al. , 2001 . Such components are efficiently washed out by subsequent diafiltration.
Surface water samples from the Chesapeake Bay, the MAB and the Gulf of Mexico were ultrafiltered on board immediately after collection. Ultrafiltration was carried out within 4 to 8 h of sample collection for Galveston Bay samples. Isolated HMW DOM concentrates were then desalted by diafiltration using 20 l of Nanopure water, and subsequently freeze dried for isotopic and elemental characterization. Aliquots of filtered and ultrafiltered seawater were also sampled for measurements of concentrations of dissolved (DOC) and colloidal organic carbon (COC) using the hightemperature combustion method . Table 1 . Surface water sampling locations, water depth, temperature, salinity and concentrations of dissolved (DOC) and colloidal organic carbon (COC), colloidal organic nitrogen (CON), and stable carbon (δ 13 C) and nitrogen (δ 15 N) isotopic composition of high-molecular-weight dissolved organic material (DOM). Concentrations of CON were estimated from measured COC concentrations and the C:N ratio of the corresponding dried colloidal organic matter (COM) sample (Guo et al. 1996 , Guo & Santschi 1997b 14 N, in HMW DOM samples or standards (PDB for carbon and atmospheric N 2 for nitrogen). Both δ 13 C and δ 15 N were measured by continuous-flow isotoperatio mass spectrometry (Schell et al. 1998 ). The precision and accuracy of δ 13 C and δ 15 N analysis were ± 0.1 and ± 0.2 ‰, respectively, as determined by replicate analysis of standards and samples.
RESULTS AND DISCUSSION

Concentrations of HMW DOM
Concentrations of DOC in surface seawaters ranged from 118 to 215 µM at Chesapeake Bay stations and from 82 to 98 µM at MAB stations (Table 1) . Galveston Bay waters had higher DOC concentrations that varied from 160 to 446 µM during the sampling period while they were lower in Gulf of Mexico surface waters, ranging from 70 to 86 µM (Table 1) . For the 1 to 200 nm colloidal fraction in surface waters, COC made up 59% of the DOC in Chesapeake Bay, and decreased to ~35% of DOC in MAB. Similarly, COC was about 60% of the DOC in Galveston Bay and decreased to 35-42% of the DOC in Gulf of Mexico (Table 1) .
While concentrations of COC were directly measured by TOC analysis, those of colloidal organic nitrogen (CON) were determined indirectly. Using the C:N ratio of freeze-dried colloidal organic matter (COM) samples and our measured COC concentrations, CON concentrations were then calculated and listed in Table 1 . As shown in Table 1 , CON concentrations were 2.3 to 6.3 µM in the Chesapeake Bay/MAB area, while they were 1.6 to 12 µM in the Galveston Bay/ Gulf of Mexico region. Overall, concentrations of both COC and CON were relatively higher in Galveston Bay/Gulf of Mexico compared to those in the Chesapeake Bay/MAB area, but reached similar values in the surface waters of open Gulf and MAB regions ( Table 1 ). The detailed distribution and dynamic features of DOC and COC in the study areas are presented elsewhere , Guo & Santschi 1997b .
N and 13 C natural abundance in DOM
Values of nitrogen and carbon isotopic ratios (δ 15 N and δ 13 C) of HMW DOM samples are listed in Table 1 
Spatial distributions of δ δ
13 C and δ δ 15 N Fig. 1 shows the distributions of δ 13 C and δ 15 N in the HMW DOM in surface waters from the Chesapeake Bay/MAB (δ 15 N only) and the Galveston Bay/Gulf of Mexico regions. Values of δ 13 C in the Galveston Bay area increased consistently with increasing salinity (Fig. 1) . Lower C isotopic ratios in the upper-estuarine region are consistent with a terrestrial organic carbon origin. As salinity increased during estuarine mixing, organic carbon sources changed from terrestrially dominated, in the upper-estuarine area, to marinedominated organic carbon in the lower-estuarine regions and open coastal waters.
While the distribution patterns of δ 13 C are consistent with mixing of terrestrial and marine organic matter, δ 15 N shows a peculiar convex distribution pattern in both study areas (Fig. 1) . Values of δ 15 N first increased with increasing salinity during the early mixing stage in both estuaries (within a salinity ~20) and reached the highest values in the mid-estuary region (salinitỹ 20) and then decreased with increasing salinity in the lower-estuarine region and coastal waters. A similar convex distribution pattern of δ 15 N in the HMW DOM was also reported for the Mississippi River plume (Benner et al. 1992b ). The convex distribution pattern of δ 15 N implies that values of δ 15 N are not simply a mixing of distinct DOM sources. Instead, microbial processes (and, possibly, physical sediment resuspension) are leading to isotopic fractionation during transport and degradation of HMW DOM. This may be related to the more complex biogeochemical cycling of nitrogen in seawater (e.g. Bushaw et al. 1996 , Bronk & Ward 1999 .
As shown in Fig. 1 , changes of δ 15 N values are relatively small within the estuary (before it reaches the lower-estuarine region). Within the estuarine headwaters, the patterns of δ 15 N change are similar to the trends of δ 13 C. This suggests that the N isotopic composition of the HMW DOM within the upper-and midestuarine regions is indeed the mixing of terrestrial and marine DOM components. Higher δ 15 N values in the middle estuary are likely an indicator for diagenetically altered and older DOM components (see discussion below). However, while values of δ 13 C remain high in progressing from estuarine to coastal seawaters, the δ 15 N values of the HMW DOM decreased from the maximal values (8 to 10 ‰) in the middle estuary to a value of 3 to 5 ‰ in the open waters. Interestingly, both δ 15 N and δ 13 C values changed rapidly from the lower estuary towards open coastal waters, although in different directions (Fig. 1) . These rapid changes of δ 15 N and δ 13 C are consistent with the radiocarbon signatures from subsamples of the same materials, which varied from mostly contemporary in the estuary to a (Guo et al. 1996 , Guo & Santschi 1997b . It seems that HMW DOM deriving from mostly planktonic sources has higher δ 13 C but lower δ 15 N values.
Vertical distribution of δ δ
15 N and δ δ 13 C
Variations of δ 13 C and δ 15 N values of HMW DOM with water depths at MAB (δ 15 N only) and Gulf of Mexico stations are depicted in Fig. 2 . As is evident from these vertical profiles, values of δ 13 C in the HMW DOM samples decreased with increasing water depths in the Gulf of Mexico. If sources of organic matter for the HMW DOM are unique and mostly from the upper water column, the decreasing δ 13 C values with increasing depth could imply that DOM components with heavier carbon isotopic signatures are preferentially degraded during their transport from surface water to deep waters. It is also possible that lateral transport of terrestrial organic components with lighter carbon isotopic signatures may have contributed to the lighter DOM components in deeper waters. This situation is highly likely in ocean-margin regions, especially in the benthic nepheloid layer where sediment resuspension and lateral transport is intensified (Santschi et al. 1999 , Guo & Santschi 2000 . However, without direct assessment, this effect cannot be determined with any confidence. It is unknown if this pattern is typical or results from the particular temporal pattern during the sampling period. Similar vertical profiles of δ 13 C were reported for the > 0.1 µm POM samples but not the >1 kDa DOM fraction in the Pacific Ocean (Benner et al. 1997 ). They found a very narrow range of δ 13 C values for HMW DOM samples with depth.
In contrast to δ 13 C, values of δ 15 N of HMW DOM increased with water depth in both the MAB and the Gulf of Mexico (Fig. 2) . Increased δ 15 N values with increasing water depth point to a preferential loss of lighter nitrogen isotopic organic components during its transport from surface to deep waters. This N isotopic enrichment pathway is consistent with that derived for POM in previous studies (e.g. Altabet 1988, Thornton & McManus 1994 ). Higher δ 15 N values of DOM at depth are probably related to a more highly degraded state and thus to diagenetically altered, older and refractory HMW DOM components. Again, whether a degradation or lateral transport process is mainly responsible for the vertical distribution of δ 15 N at these stations remains to be determined. However, similar vertical profiles of N isotopic ratios were observed for POM and sinking particulate matter in open-ocean environments (e.g. Altabet 1988 , Rau et al. 1991 , Saino 1992 , Benner et al. 1997 . Benner et al. (1997) also reported that water column POM normally contains more enriched δ 15 N values than corresponding DOM in the Pacific Ocean. Likely, lighter nitrogen isotopic components are also preferentially released during decomposition, leaving the POM fraction more enriched with δ 15 N. The other possible mechanism for producing lower δ 15 N values in the surface water DOM is through N-fixation by cyanobacteria (e.g. Wada & Hattori 1976) . Overall, the vertical distribution patterns observed for DOM are consistent with those reported previously for particulate δ 15 N in the ocean (e.g. Saino & Hattori 1987 , Altabet 1988 ). It appears that similar degradation processes exist for both DON and PON pools in the ocean.
Considering a 2 component (labile vs refractory) DOM system (Carlson & Ducklow 1995 , Benner et al. 1997 , and assuming that DOM is from the same source in the upper water column and without the effect of lateral transport, values of δ 15 N in the degradable (or labile) organic component in the surface water can be estimated as follows: Table 3 . Interestingly, the labile DOM has an estimated δ 15 N of -0.9 ‰ at the Gulf of Mexico station, and 3.8 ‰ at the MAB station. These values are similar to those for surface-water POM values reported by Altabet (1988) . The lower estimated δ 15 N value (-0.9 ‰) for the labile DOM component at the Gulf of Mexico station indicates a more freshly photosynthesized DOM component, while a higher δ 15 N value in the surface water at the MAB station points to a somewhat mixed labile DOM source.
Relationships between the C:N ratio, δ δ 15 N, δ δ 13 C and ∆ ∆ 14 C When DOM δ 15 N values were plotted against NO 3 concentrations, no significant relationship was found (not shown). While this may partly result from the uncertainties in the measurements of low NO 3 concentrations in surface waters, such a relationship is not necessarily expected when the main organic matter degradation pathways are from PON to DON via HMW DON. Furthermore, δ
13 C values correlated with COC concentrations, while δ 15 N values were not correlated with CON concentration (Table 1) .
A significant correlation exists between the C:N ratios and δ 13 C in all samples measured (R 2 = 0.69, p < 0.001, Fig. 3 ). This positive correlation supports the premise that HMW DOM with lower δ 13 C values is derived from N-depleted (or C-enriched) DOM components and the more enriched δ 13 C DOM is related to a more N-enriched marine component. However, the relationship between the C:N ratio and δ 15 N values is very weak (R 2 = 0.26, p < 0.2; Fig. 3) , with a relatively large spread in the data points like those observed for estuarine POM samples (e.g. Thornton & McManus 1994) . This scattered relationship suggests the recycling of N is more intense, with additional factors such as estuarine processing (i.e. microbial and UV degradation, and possibly, organic matter fractionation during sediment resuspension) significantly influencing the δ 15 N values in DOM (Cifuentes et al. 1988 , Thornton & McManus 1994 . This also indicates that DOM with a relatively low C:N ratio does not necessarily have to have a heavier δ 15 N signature, such as that resulting from cyanobacterial N production. Therefore, production and degradation pathways of nitrogen are more complex in estuarine environments, with different nutrient regimes and planktonic communities (Bronk et al. 1994 , Libby & Wheeler 1997 contributing to isotopic fractionation.
A slightly negative relationship between δ 13 C and δ 15 N exists for all measured HMW DOM samples (R 2 = 0.51; p < 0.05; Fig. 3 ), whereas the relationship between δ 13 C and δ 15 N for POM in estuarine environments is normally scattered or somewhat positive (e.g. Cifuentes et al. 1988 , Thornton & McManus 1994 . The overall relationship between δ 13 C and δ 15 N shown in Fig. 3 could result from a mixture of different source materials, since these 4 data sets were collected from 2 different estuaries and 2 oceanic environments (Table 1) . However, the results appear to be consistent with different degradation pathways of C and N, as discussed in the previous section. More revealing are ∆ 14 C values from the same HMW DOM samples. Using these available radiocarbon data determined previously on the same samples , Guo et al. 1996 , Guo & Santschi 1997b ), a V-type relationship is found between δ 15 N and ∆ 14 C values 57 N values of labile dissolved organic matter (DOM) in surface waters estimated from a 2-component model. Subscripts sw and dw denote surface water and deep water, respectively. DON concentrations were estimated from C:N ratios measured on freeze-dried colloidal organic matter samples and measured COC concentrations (Guo et al. 1996 , Guo & Santschi 1997b (Fig. 4) . However, when the data are plotted separately for surface-water and deep-water samples, a significant correlation between δ 15 N and ∆ 14 C values for both surface-water (R = 0.86; p < 0.001) and deep-water (R = 0.76; p < 0.02) samples (see regression lines in Fig. 4 ) is observed. Values of δ 15 N are correlated positively with ∆ 14 C for surface-water samples (data points between end member A and B in Fig. 4 ) whereas a negative relationship is found for deep-water samples (data points between end member B and C in Fig. 4) . This is the first time that such relationships have been documented for any estuarine and oceanic environments.
Similar relationships between δ 13 C and ∆ 14 C were also observed but with opposite correlations (Fig. 4) . Values of δ 13 C were negatively correlated with ∆ 14 C from end member A to B (Fig. 4 , R = 0.78; p < 0.01), but positively correlated from end member B to C (Fig. 4 , R = 0.78; p < 0.001). 
14
C values, namely estuarine DOM (A), surface oceanic DOM (B) and bottom water DOM (C), respectively, can be easily identified. Radiocarbon data are from , Santschi et al. (1995) , Guo et al. (1996) and Guo & Santschi (1997b) 
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From the overall relationship between δ 15 N (or δ 13 C) and ∆ 14 C (Fig. 4) , 3 distinctive end members with different N isotopic compositions and ∆ 14 C values can be identified (labeled as A, B, and C in Fig. 4) 14 C values) with N isotopic ratios getting higher and higher but δ 13 C values getting lower and lower, consistent with the conclusion of preferential decomposition of the lighter δ 15 N (but heavier δ 13 C) DOM components derived from vertical profiles shown in Fig. 2 .
Nitrogen isotope signatures can thus provide complementary information for the study of the biogeochemistry of marine organic matter. In addition, the combination of multiple isotopic tracers reveals possible mechanisms and pathways of DOM cycling in estuarine and marine environments.
In summary, high-molecular-weight DOM (1 to 200 nm) is an important transitory phase between more degradable POM and low-molecular-weight DOM. The overall isotopic fractionation and enrichment processes are distinct for carbon and nitrogen during production, transformation, and degradation pathways of DOM in estuarine and marine environments. Heavier δ 13 C and lighter δ 15 N DOM components seem to be decomposed preferentially during the transport of organic matter from the upper water column to deep waters, but other possibilities could also have caused these distribution patterns of δ 13 C and δ 15 N observed here.
